A new polymer poly{(lactic acid)-co-[(glycolic acid)-alt-(L-lysine)]} (poly[LA-co-(Glc-alt-Lys)]) was synthesized and modified with a cell adhesion peptide, Gly-Arg-Gly-Asp-Tyr (GRGDY, abbreviated as RGD). The process for preparing poly[LA-co-(Glc-alt-Lys)]/RGD involved four steps: Firstly, (3S)-3-[4-(benzyloxycarbonylamino)butyl]morpholine-2,5-dione (BMD) was synthesized by bromoacetyl bromide and 
Introduction
The number of organs available for transplantation is far exceeded by the number of patients needing such procedures. Tissue engineering is a promising way to solve the problem and has become an intensive research area in recent years [1] . The basic premise of tissue engineering is to combine the appropriate cells with certain materials to promote the tissue regeneration. During the process of new tissue regeneration, the cell affinity of the matrix plays an important role which is dependent on the surface properties of the matrix, such as hydrophilicity, morphology, chemical composition, surface charge, etc.
Poly lactide (PLA), has been widely used in surgical repair, as carriers in drug delivery, and temporary matrixes or scaffolds in tissue engineering [2] [3] [4] due to its superior biodegradability, biocompatibility, high mechanical properties, and excellent shaping and molding properties. However, its further application was limited in the fields of tissue engineering because its poor cell affinity. To improve the cell attachment on such a material, various approaches have been taken. Adsorption of adhesive proteins to the PLA surface was usually attempted [5, 6] , but the retention time of the adhesive proteins was too short for practical application. Chemical modification might be an alternative approach, however, immobilization of RGD peptides on the PLA surface is not an easy procedure because of the lack of functional groups for covalent cell adhesion molecules (RGD peptides) [7] [8] [9] [10] [11] . Poly(lactic acid-co-lysine) has been synthesized to incorporate free amines that were then used to graft RGD peptides to promote cell attachment [12] [13] [14] . But the low reactivity of (3S,6RS)-3-[4-(benzyloxycarbonylamino)butyl]-6-methylmorpholine-2,5-dione (BMMD) used to synthesize poly(lactic acid-co-lysine) lead to the low molecular weight of the polymer. Poly(lactic acid-co-lysine)/RGD showed poor mechanical properties for application [15] . Feijen et al. [16] showed that the reactivity of 3-and/or 6-substituted morpholine-2,5-dione derivatives decreases with the increasing number and size of substituents under the same reaction conditions. Ouchi et al. [17] reported the synthesis of (3S)-3-[4-(benzyloxycarbonylamino) butyl]morpholine-2,5-dione (BMD) that is free from any substituent on the 6-position of morpholine ring. The reactivity of BMD is higher than BMMD.
In the present paper, we reported the synthesis of BMD and its copolymerization with D,L-lactide to give poly{LA-co-[Glc-alt-Lys(Z)]}. When the protective group was removed, poly[LA-co-(Glc-alt-Lys)] was obtained. Poly[LA-co-(Glc-alt-Lys)] was modified with RGD peptide in the presence of CDI. Poly[LA-co-(Glc-alt-Lys)]/RGD is expected to improve cell affinity and can serve as biodegradable scaffold for cell and tissue engineering.
Results and discussion

Monomer synthesis
Due to steric hinderance, the reactivity of morpholine-2,5-dione derivatives which contain a substituent in 6-position are low [16] . So we synthesized morpholine-2,5-dione derivatives that have no substituent in the 6-position. BMD was successfully synthesized according to Ouchi's method (Scheme 1) [17] with some modification as necessary.
Scheme 1. Synthesis of BMD.
The total yield reached 31%. The products were characterized by means of FT-IR, 1 H NMR, 13 C NMR and MS spectra. The IR spectrum is shown in Figure. 1. 
Copolymerization with D,L-lactide
The copolymerization of BMD and D,L-lactide was carried out in the bulk at 140 0 C with SnOct 2 as a catalyst (M/I=1000) (Scheme 2) .The results of copolymerization with the mole fraction of BMD ranging from 0.03 to 0.1 are summarized in Table. 1. No.
x F b) Copolymerization was carried out in bulk at 140 º with 1/1000 of SnOct 2 as catalyst. As shown in Table. 1, the mole fraction of BMD units in the copolymer is lower than that in the monomer feed. With increasing amount of BMD in the feed, the molecular weight (M w ) and the yield of copolymer decrease. This may be due to the lower reactivity of BMD as compared with D,L-lactide. The products were characterized by means of 1 H NMR and 13 C NMR spectra. The 1 H NMR spectrum is shown in Figure. (Figure 4 ), the peaks of 7.333-7.351 ppm which are assigned to the hydrogen atoms of the benzyloxycarbonyl protective group almost disappear in the spectrum of the deprotected copolymer poly[LA-co-(Glc-alt-Lys)] after 24 h of hydrogenation ( Figure 6 ).This clearly demonstrates the effectiveness of the deprotection method by hydrogenation with Pd/C (10%) as a catalyst (Scheme 3). However, the data from the 1 H NMR spectum also reveal that still less than 15% of the benzyloxycarbonyl group remains. This is mainly due to the higher molecular weight of the selected sample (No.1 in Table 1 ) which may trap the benzyloxycarbonyl group and prevent it from contacting the Pd/C powder.
Fig. 6.
1 H NMR (CDCl 3 ) spectrum of poly[LA-co-(Glc-alt-Lys)] (x F =0.10).
The GPC trace of both the protected copolymer and the deprotected copolymer (No.1 in Table 1 ) is shown in Figure 7 . It suggested that main-chain cleavage in the polymers did not occur during the deprotection reaction. The 1 H NMR spectrum of poly[LA-co-(Glc-alt-Lys)] is shown in Figure. 
RGD peptide modification
It was reported that peptides could be attached to poly(lactic acid-co-lysine) using CDI as a linking agent [12] . In the present work, we used the same method to couple RGD peptide to poly[LA-co-(Glc-alt-Lys)] (Scheme 4). AAA (Table 2) demonstrated that GRGDY was coupled to the copolymer at a concentration of 6.89-18.78 μmol/g. Very small concentration of active peptides can have dramatic biological effects. A surface density of only 1fmol/cm 2 of an RGD peptide effectively promotes cell adhesion to an otherwise nonadherent surface [18] . Assuming a density of 1 g/cm 3 and a 10-Å access layer, a film containing 6.89-18.78 μmol/g of peptide has a surface concentration of 689-1878 fmol/cm 2 if the surface and bulk are the same [12] . Therefore, by carefully selecting processing conditions, films made from poly[LA-co-(Glc-alt-Lys)]/RGD should promote cell adhesion through specific adhesion receptors in the cell membrane [12] . 
Cell culture
The cell affinity of poly[LA-co-(Glc-alt-Lys)]/RGD and PDLLA films was identified by observing the cell viability and morphology on poly[LA-co-(Glc-alt-Lys)]/RGD and PDLLA films. The cell viability on poly[LA-co-(Glc-alt-Lys)]/RGD and PDLLA films was evaluated by MTT assay. For various groups, the absorbance values that are proportional to the living cell number were compared in Figure 8 . It showed that RSC96 cells on the poly[LA-co-(Glc-alt-Lys)]/RGD films exhibited significantly higher total viability compared with PDLLA groups from day 1 to day 5. The morphology of cells on the poly[LA-co-(Glc-alt-Lys)]/RGD and PDLLA films was observed by SEM, as shown in Figure 9 . After incubation for 5 days, the amount of cells on the poly[LA-co-(Glc-alt-Lys)]/RGD film were much more than those on PDLLA film, moreover, the cells stretched very well and appeared with a characteristic spindle shape. These results showed that poly[LA-co-(Glc-altLys)]/RGD was beneficial to cell adherence and growth .
Conclusions
BMD was successfully synthesized. This monomer was easily copolymerized with D,L-lactide at wide range of mole fractions in the feed .The selective removal of the benzyloxy carbonyl group from the copolymer was carried out by catalytic hydrogenation. After deprotection, the copolymer was modified with RGD peptide at a concentration of 6.89-18.78 μmol/g. The results of cell culture showed that poly[LAco-(Glc-alt-Lys)]/RGD films more efficiently enhanced the RSC96 cell adherence and growth than PDLLA films. It can be expected that poly[LA-co-(Glc-alt-Lys)]/RGD will serve as candidate materials with good cell affinity for tissue engineering.
Experimental part
Materials D,L-lactide was prepared as described in the literature [19] and crystallized four times from dry ethyl acetate before use. PDLLA was prepared in our own laboratory. Bromoacetyl bromide, stannous octanoate and Pd/C (10%) were purchased from Fluka and used without further purification. L-Lys(Z), CDI and RGD Peptide were purchased from GL Biochem (Shanghai) Ltd. and was used as received. All the other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd and purified according to standard methods.
Synthesis of BMD
8.0ml of triethylamine (TEA) was added to a suspension of L-Lys(Z)(10 g; 35.6 mmol) in 160 ml of p-dioxane. The resulting solution was vigorously stirred and 20 ml of a pdioxane solution containing bromoacetyl bromide (5 ml; 58 mmol) was added in portions, while maintaining the reaction temperature at 15-20 0 C. After the addition was completed, the reaction mixture was stirred for another 8 h. The mixture was extracted with two 200 ml portions of diethyl ether. The diethyl ether layer was combined and washed with water three times. It was dried with MgSO 4 and concentrated in vacuum. The resulting brown oil was used without further purification in the next reaction step.
The crude product dissolved in 100 ml of N,N-dimethylformamide (DMF) was added dropwise to a mixture of 8 g of NaHCO 3 in 750 ml of DMF at 60 0 C over a period of 8 h. Then the reaction mixture was heated at 60 0 C for another 16 h. After removal of the solvent in vacuum, the residue was partitioned between ethyl acetate and water. The organic layer was separated, dried with MgSO 4 and concentrated in vacuum to yield brown oil. The purification of this compound was carried out by column chromatography on silica gel using ethyl acetate as the eluent, followed by recrystallization from ethyl acetate/hexane. The yield for last two reactions combined was 31% (3.54g): m.p.108-109 0 C, R f =0.51.
Polymerization
The polymerization tubes were silanized and kept at 130 0 C for 24 h. Subsequently the tubes were cooled to room temperature in vacuum. D,L-lactide and BMD were placed in the tube. The tube was then dried in vacuum for 4 h at 60 0 C. Next, the stannous octoate initiator was added in a small volume of dry chloroform. The samples were put under high vacuum (<30 μmHg) for 1.5 h to eliminate the chloroform used to add the catalyst. After removing the chloroform and purging with nitrogen, the tube was sealed in vacuum. The sealed tube was heated at 140 0 C for 48 h. The reaction mixture was dissolved in a small amount chloroform, and poured into large quantity of methanol to precipitate poly{LA-co-[Glc-alt-Lys(Z)]} as a light yellow solid.
Deprotection
Poly{LA-co-[Glc-alt-Lys(Z)]} (10 g) was dissolved in 450 ml of a mixture of ethyl acetate and methanol (2:1, v/v) and 0.5 g of Pd/C (10%) was added. With vigorous stirring hydrogen was bubbled through the suspension for 24 h. After Pd/C was removed by filtration, the solution was concentrated in vacuum and added dropwise into an excess of diethyl ether. The precipitated poly[LA-co-(Glc-alt-Lys)] was collected and dried in vacuum at 40 0 C for 6 h. The yield was 80% (8 g).
RGD peptide modification of poly[LA-co-(Glc-alt-Lys)]
Poly[LA-co-(Glc-alt-Lys)] (2.5 g) was dissolved in 50 ml of dichloromethane. GRGDY (50 mg, 88.5 μmol) was dissolved in 20 ml of dimethyl sulfoxide and added to the resulting solution. CDI (42.5 mg, 262 μmol) dissolved in 1 ml of dichloromethane was added to the mixture solution. The reaction mixture was stirred for 4 h. After removal of dichloromethane in vacuum, water was added to complete copolymer precipitation. The precipitate was dried under high vacuum. The yield was 90% (2.25 g).
Cell culture
RSC96 cells were chosen as the test cells. The cells were purchased from Shanghai Institute of Cell Biology, Chinese Academy of Sciences and cultured with Dulbecco's modified Eagle's medium (DMEM, GIBCO) with 10% fetal bovine serum (FBS, GIBCO), 1.0×10 5 U/L penicillin (Sigma) and 100 mg/L streptomycin (Sigma). The poly[LA-co-(Glc-alt-Lys)]/RGD was dissolved in ethyl acetate and cast in glass dishes. The solvent was evaporated at room temperature and finally dried under a vacuum for 48 h to remove the last traces of ethyl acetate. The PDLLA films were prepared in a similar way and were used as the control. The poly[LA-co-(Glc-altLys)]/RGD and PDLLA films were cut into small circular pieces with a diameter of 16 mm and placed in a 24-well plate after sterilization with Co 60 .The RSC96 cells were seeded on the films at a density of 1×10 6 cells/well, incubated in a humidified incubator at 37 0 C and 5% CO 2 .On day 5, the films with cells attached to the surface were washed with PBS and then fixed with a 2.5% glutaraldehyde solution for 12 h at 4 ºC. Finally, the films with cells attached were examined by SEM(S-570, HTTACHI). Cell viability on the surface of films was characterized by MTT assay. The poly[LAco-(Glc-alt-Lys)]/RGD and PDLLA films were cut into small circular pieces with a diameter of 6.38 mm and placed in a 96-well plate after sterilization with Co 60 . The RSC96 Cells were seeded in 96 well culture plates at a density of 1×10 5 cells/well, incubated in a humidified incubator at 37 ºC and 5% CO 2 .After culturing for 1 day, 3 days and 5 days respectively, the supernatant was removed. 20 μl MTT solution (5 mg/mL) was added to each culture well and incubated at 37 ºC under 5% CO 2 conditions for 4 h. The absorbance at 490 nm was recorded by an automatic enzyme scanner (Thermo labsystem, Finland). Five parallels for every sample were averaged.
Measurements
Melting points were determined with an electrothermal digital melting point apparatus. FT-IR result was obtained from a Nicolet Nexus FT-IR instrument. 13 C NMR spectra were performed on a Varian 400 MHz apparatus.
1 H NMR spectra were recorded on two instruments from Varian operating at 400 and 600 MHz. Mass spectrum was obtained with a VG ZAB-HS mass spectrometer (EI). AAA was performed on a model 835 high speed amino acid analyzer. The M n and M w of polymers were determined by GPC. The GPC measurements was performed at 35 0 C with tetrahydrofuran (THF) as the eluent (0.3ml/min) using a Waters HPLC system equipped with a Model 2690D separations module and a Model 2410 refractive index detector and styragel HR 1 & HR 4 columns in series. Calibration was effected with polystyrene standards in a narrow molar mass distribution.
